Abstract
Introduction
Congenital heart defects (CHD) and foetal distress (e.g. low oxygen levels in foetus) are the most common major causes of congenital abnormalities and foetal mortality. The prevalence is 3-8 per 1000 pregnancies at birth [1, 2] . Studies have shown that an early detection of some foetuses with potentially ductal-dependent CHD results in an improvement of hemodynamic status, neonatal morbidity and surgical outcome [3] . Foetal distress is associated with postmaturity (when the placenta malfunctions in a post-term pregnancy) or with complications of pregnancy or labour that affect the woman and therefore also affect the foetus. The definition of CHD and foetal distress during foetal life, where the examiner must deal with a patient who cannot be visualized directly and is within another individual, presents unique challenges. At the same time, there has been a growing social demand in developed countries for an earlier and better prenatal diagnosis, supported by the possibility of choose whether to continue or not with the pregnancy when the foetus is affected by a congenital anomaly.
Long QT syndrome is one of the prevalent CHDs characterized by the presence of a prolonged QT interval on electrocardiography (ECG) and a high risk for developing life-threatening arrhythmias and sudden cardiac death in children and adults [4] . Long QT syndrome has been shown to be an ion channel disorder. This syndrome is considered to be one of the common causes of sudden infant death [5] . There have been two reports describing prenatal cardiotocographic findings in foetuses with long QT syndrome [6] [7] . However, to our knowledge, definitive prenatal diagnosis of this congenital syndrome has not been described.
Maternal risk factors and a large number of intrapartum causes lead to foetal hypoxia. Diagnostics of distressed unborn baby is mainly aimed at detection of occurrence of intrauterine hypoxia. Consequences resulting from foetal hypoxia appear in its heart activity [8] . In perinatal medicine, non-invasive cardiotocography (CTG) which is a record of the foetal heart rate (FHR) measured from a transducer on the abdomenis commonly used. However, even with the high specificity, the CTG monitor has the low sensitivity [9] . There is also a method that uses systolic time interval (STI) which can be calculated with an invasively measured foetal electrocardiogram (FECG) via scalp electrodes and a Doppler shift of ultrasound beam reflected from moving valves of foetal heart. Even though it can provide high diagnostic sensitivity, it can not apply until the occurrence of uterine rupture.
A new research paradigm is, therefore, required to address the above mentioned issues with applied research outcomes. Foetal ECG and Doppler ultrasound signals provide clinically significant information concerning the physiological state of a foetus. In this study, For better diagnosing foetus prenatally as having CHD (e.g. long QT syndrome) and foetal distress (e.g. hypoxia) , we propose a novel non-invasive system to recognize the timings of foetal cardiac events on the basis of analysis of electrical (foetal ECG) and mechanical (Doppler ultrasound (DUS) signals) heart activity together.
Methods
Simultaneous recording of the abdominal ECG signals and Doppler ultrasound signals from ten mothers at the gestational age of 38~41 weeks were collected from Tohoku University Biomedical Engineering Research Organization (TUBERO) database. A total of 10 recordings (10 minutes length) were sampled at 1KHz with 16-bit resolution.
The Doppler ultrasound data were obtained using Ultrasonic Transducer 5700 (fetal monitor 116, Corometrics Medical Systems Inc.) with 1.15 MHz signals.The detailed procedure for experimental set up and tansabdominal ECG data collection has been described in our previous study [11] . FECG traces were extracted from using a method that combines cancellation of the mother's ECG signal and the Blind source separation with reference (BSSR) as described in our earlier study [11] . Briefly, the cancellation of the mother's ECG component was performed by subtracting the linear combination of mutually orthogonal projections of the heart vector. Doppler ultrasound signal was taken as reference signal.
3.
Results and discussion
DUS and its link with specific cardiac motions and relevant challenges
An example of the extracted FECG signal and corresponding ultrasound signal from the non directional (ND) channel are shown in Fig.1 . This clearly demonstrate that the content of DUS signals varies on a beat to beat basis. DUS signals were used to monitor valve movements within fetal heart [10] . From extensive studies of the heart's physiology that have already been performed the prominent cardiac motions that occur can be deduced. These are due to cardiac wall movement and valve movement. Atrial contraction is initiated by the P wave while ventricular contraction is related to R wave activity, hence significant content in the ultrasound signal may be expected at these times. Since both sides of the heart are in synchrony and due to the simultaneous operation of the pulmonic and aortic valves and the tricuspid and mitral (atrioventricular) valves, their individual activity cannot be expected to appear itself in the ultrasound signal. Fig. 1 shows the relative timings of the heart's valves (Ac, Ao, Mc, Mo) and wall movements (Atc, Vc) in relation to the FECG. Doppler frequency shifts associated with cardiac activity can be visualised. As the transducer-to-foetus orientation changes, the structures returning the largest signal will vary. Therefore, all six timing events (four valve motions and two wall motions) are unlikely to be distinguished in each cardiac cycle. Doppler ultrasound signals vary in time, this being due primarily to variations in the relative orientation of the foetal heart and the ultrasound transducer [10] . Obviously foetal movement will therefore greatly affect the received signal. 
Wavelet analysis of DUS signals
Interpretation of DUS signals in relation to cardiac motions and valve movements would be difficult unless time frequency analysis was not used. Wavelet analysis has become a powerful tool for analysis of nonstationary signals whose spectral characteristics change significantly over time. A discrete wavelet transform uses a set of basis functions to decompose a signal into the detailed signals and the approximate signals of the original signal. Daubechis wavelet with order 10 was used as mother wavelet in this study. 2 shows an example of the FECG for one cardiac cycle (RR interval=0.41 sec) together with ND channel DUS signals and its approximate and details signals at level 2 wavelet decomposition. The timings of cardiac valve motions with respect to the ECG, the origin of the events highlighted within the DUS were elucidated. In this study cardiac cycles of RR intervals longer than 0.33 second were used for analysis.
In order to detect the peak timings of valve motion events, the time durations within each RR interval chosen for each event were 0.000 ~ 0.06 sec for Mc, 0.06~0.18 sec for Ao, 0.18~0.26 sec for Ac and 0.26~0.33 for Mo. Fig. 3 shows another example of FECG of longer cardiac cycle (RR interval=0.56 sec). The time interval from R peak to Mo was found to be longer than that in normal cardiac cycle. Table 1 shows the mean duration of each of the cardiac events (e.g. valves opening and closing timings from R peak of FECG namely R-Ac, R-Ao, R-Mc, RMo) within each RR interval. There were cases where all events could easily be recognized. However, there were also cases where only particular events were observed. 
Relationship of R-Ac and R-Mo with R-R intervals
R-Ac duration did not appear to be significantly influenced by beat to beat variation of R-R interval (Fig.  4) , which was in accordance with another study [8] , which reported that Q-Ac duration did not significantly change in heart rate. In contrast to the relationship of RAc with R-R, R'-Mo [=(R-R)-(R-Mo)] was found to be strongly affected by the change of R-R interval (Fig. 5) . 
Conclusions
Doppler ultrasound data demonstrated with wide variations in the signal content observable on a beat-tobeat basis. Multiresolution wavelet analysis enabled the frequency contents of the Doppler signals to be linked to the opening and closing of the heart's valves (aortic and mitral). These results suggest means by which the cardiac events that contribute to the Doppler signal may be distinguished, providing information for better recognizing the fetal arrhythmia, anoxia and heart failure.
Further research on modelling of the relationship of cardiac valve timings with R-R intervals over wider range will be attempted on diverse sample size.
